A two-dimensional time-reversal symmetric topological superconductor is a fully gapped system possessing a helical Majorana mode on the edges. This helical Majorana edge mode (HMEM), which is a Kramer's pair of two chiral Majorana edge modes in the opposite propagating directions, is robust under time-reversal symmetry protection. We propose a feasible setup and accessible measurement to provide the preliminary step of the HMEM realization by studying superconducting antiferromagnetic quantum spin Hall insulators. Since this antiferromagnetic topological insulator hosts a helical electron edge mode and preserves effective time-reversal symmetry, which is the combination of time-reversal symmetry and crystalline symmetry, the proximity effect of the conventional s-wave superconducting pairing can directly induce a single HMEM. We further show the HMEM leads to the observation of an e 2 /h conductance, and this quantized conductance survives even in the presence of small symmetry-breaking disorders.
The discovery of the quantum spin Hall effect [1] [2] [3] [4] has boosted the study of and search for topological materials and opened the door to fundamentally new physical phenomena and their potential applications for novel devices. The quantum spin Hall insulator, also known as a time-reversal symmetric topological insulator, characterized by Z 2 invariant [5, 6] , hosts a helical electron mode localized on the edges of the insulator [7] . This helical mode is stable under time-reversal symmetry and leads to quantized two-terminal longitudinal charge conductance G = 2e
2 /h [3, [8] [9] [10] , which is robust against disorder scattering and other perturbation effects. This concept of robust boundary modes protected by symmetries stimulates the development of another branch of the topological materials -topological superconductors (TSC).
There has been an enormous interdisciplinary interest in TSCs in the community. The first generation of the TSC is a one-dimensional (1D) superconductor (SC) hosting Majorana bound states on the wire ends [11] [12] [13] . A Majorana bound state, which is its own antiparticle, has zero energy locked by particle-hole symmetry. The observation of the zero-bias-peak conductance has provided tentative evidence supporting the Majorana bound state existence [14] [15] [16] [17] [18] [19] . Recently, another important breakthrough [20] showed the potential evidence of the second TSC generation as a 2D TSC hosting chiral Majorana edge modes through observing the plateau of 0.5e 2 /h two-terminal conductance in the hybrid quantum anomalous Hall (QAH)-superconductor device [21] [22] [23] .
These two types of the aforementioned Majorana modes in Altland-Zirnbauber symmetry class D [24] are not the only two Majorana species. According to the classification table of topological insulators and superconductors [9, [25] [26] [27] , the third TSC generation is realized as a 2D time-reversal symmetric TSC hosting 1D helical Majorana edge modes (HMEMs) in symmetry class DIII. An HMEM, composed of two chiral Majorana edge modes with the opposite propagating directions as a Kramer's pair, cannot hybridize in the presence of time-reversal symmetry. The possible realization of HMEMs has been proposed in unconventional superconductors with exotic superconducting pairing [28] [29] [30] [31] [32] and two s-wave superconductors with a π phase difference [33, 34] ; due to the subtlety and uncertainty of the superconducting pairing in unconventional superconductors [35, 36] and the difficulty of controlling the π-phase without breaking timereversal symmetry, the HMEMs have not become reality.
In this manuscript, we propose a feasible experimental realization route for HMEMs by engineering a conventional s-wave superconductor and the recent transport measurement, which was successfully used to support the existence of chiral Majorana edge modes [20] . The main difference between the helical and chiral Majorana setups is that the QAH film is replaced by a 2D antiferromagnetic quantum spin Hall insulator (AFQSHI) [37, 38] , preserving effective time reversal symmetry. This effective time reversal symmetry can circumvent the requirement of the exotic superconducting pairing to realize an HMEM. We show that an HMEM is present on the edge of the s-wave superconducting-proximitzied AFQSHI as an antiferromagnetic topological superconductor (AFTSC). The setup we propose is, as shown schematically in Fig. 1 , the AFQSHI-SC hybrid system hosting the HMEM, which leads to e 2 /h conductance. Furthermore, since an AFQSHI has been experimentally supported by scanning tunneling spectroscopy measurement in a superconductor FeSe/SrTiO3(001) film [39] with the well-developed experimental techniques, our proposal avoids the obstacles of the previous proposals and directly makes HMEMs a reality. AFQSHI, which breaks time reversal symmetry, relies on an effective time reversal symmetryΘ = ΘR [40] , which combines the time reversal symmetry Θ with the exchange R of the two atoms in the unit cell [37] , as illustrated in Fig. 2(a) . SinceΘ 2 = −1 andΘ acts as the effective non-spatial symmetry operation by interchanging atoms only in the same unit cell, the system belongs to class AII and is characterized by Z 2 invariant, similar to quantum spin Hall effect [5, 6] . The non-trivial phase possesses a helical electron edge mode protected by this effective time reversal symmetryΘ.
We start with the Hamiltonian as the effective AFQSHI model written in form of
where annihilation operators are given by
Pauli matrices τ α and σ β represent sublattice and 1/2-spin degrees of freedom, respectively, M (k) ≡ m 0 + cos k x + cos k y , and the lattice constant a = 1. This Hamiltonian, which preserves effective time-reversal symmetry with the symmetry operatorΘ = iτ x σ y K, obeys ΘH 0 (−k)Θ −1 = H 0 (k) and breaks the physical time reversal symmetry. On the one hand, in the trivial region (|m 0 | > 2), the AFSQHI does not possess stable gapless states on its edges. On the other hand, in the topological region (0 < |m 0 | < 2), the non-zero Z 2 invariant defined byΘ leads to a helical electron edge mode, which is a Kramer's pair of the opposite chiral electron modes. As shown in Fig. 2(b-c) , one of the AFQSHI essential features is that these two chiral edge modes, with the opposite spins in different atoms, cannot be directly gapped in the presence of the conventional superconducting swave pairing [41] . As the superconductivity proximity is induced, the survival of the helical electron mode is the essential factor for the HMEM presence.
As the s-wave superconductor is deposited on the top of the AFQSHI, as illustrated in Fig. 1 , due to the SC proximity effect, a finite superconducting pairing amplitude is induced in the AFQSHI. The superconducting AFQSHI model is described by the Bogoliubov-de Gennes (BdG) Hamiltonian
T and
For the superconductor deposit, it is ideal to choose a conventional superconductor possessing the intra-orbital s-wave pairing, such as Niobium [42] or others. Through superconductor proximity effect, the intra-orbital swave pairing (∆ = c −k↓ ) is suppressed. This BdG Hamiltonian, which preserves particle-hole symmetry and effective time-reversal symmetry, obeys
where the particle-hole symmetry operator and timereversal symmetry are given by C = ρ x K and T = ρ 0Θ , of which ρ α is the Pauli matrices represents particle-hole degrees of freedom. Thus, the 2D system belongs to class DIII and can possess non-zero Z 2 topological invariant, leading to an HMEM. Even in the presence of the weak inter-orbital pairings, which preserve the symmetries, the HMEM is not affected as long as the Z 2 invariant is nonzero. Since the real time reversal symmetry Θ and the reflection symmetry R are broken, this SC system is completely different from the reflection symmetric superconductor in class DIII [43, 44] .
To study the topology of the superconductor model, the BdG Hamiltonian can be rewritten in a block diagonal form
The sub-Hamiltonians are given by
where h ± = sin k x σ x +sin k y σ y ±M (k)σ z and in the basis
This block-diagonalized property is accidental since in the presence of other symmetry-preserving terms, the BdG Hamiltonian might not be able to be written in this simple form. Because the topology of the system in class DIII is described by Z 2 invariant, we only need to consider the Chern number of one block, say H A , which is the time reversal partner of H B , to determine trivial (even Chern number) or non-trivial (odd Chern number) topology.
A point touching of the linear bulk band closing, as topological phase transition, changes the Z 2 invariant by 1. Since the square of the H A energy spectrum is given by
the linear band closing at one point is located (Fig. 3(c) ) at m 0 +∆ = ±2 and m 0 −∆ = ±2 (m 0 ±∆ = 0 are not the topological phase transition point due to the band closing at two points, which cannot change the Z 2 invariant.) In the atomic insulator limit, the region of ∆ = 0 and |m 0 | 1 is obviously in the trivial phase; hence, the non-trivial phase is in the two regions: Fig. 3(a) [45] . In this non-trivial phase, the subsystem H A hosts a chiral Majorana edge mode, while the subsystem H B as the H A time-reversal partner hosts another chiral Majorana edge mode with the opposite propagating direction. Hence, the entire system is an AFTSC hosting a single helical Majorana edge mode as shown in Fig. 2(c) and 3(d) with the Z 2 invariant N Z2 = 1.
We consider AFQSHI with m 0 = −1.5 as superconducting pairing ∆ increases from 0. As ∆ < 0.5, although the system is in the trivial phase N Z2 = 0, due to the absence of the inter-orbital pairing, the helical electron edge mode, composed of two HMEMs, survives as shown in Figs. 2(b) and 3(b) . As ∆ = 0.5, the linear bulk band touch of H A in Fig. 3(c) as the topological phase transition point to eliminate one of the two HMEMs. As 3.5 > ∆ > 0.5, Figs. 2(c) and 3(d) shows that the AFTSC has one HMEM, which is robust under the symmetry protection. In the following, we study the transport signature of this topological phase possessing one HMEM, which has not been discovered in experiment.
For an HMEM observation, the setup we propose is an s-wave superconductor on the top of the AFQSHI central region and the two opposite sides of the AFQSHI in contact with two leads separately, as shown in Fig. 1 . The transport measurement in this setup is accessible since in the similar setup, the plateau of 0.5e 2 /h conductance, which is the potential evidence of a chiral electron edge mode, has been observed [20] . We first analytically study the transport property in this setup as the superconductor in the central region possesses an HMEM (N Z2 = 1). Generalized Landauer-Büttiker formula provides the expression of the current flowing from lead i at zero temperature as [46, 47] 
where
Here, V j is the voltage on lead j and V 3 is the voltage of the SC, which is set to be 0, and N i is the effective number of conducting channels in contact with lead i. Since the HMEM can split into two chiral conducting channels, we have
is the normal (Andreev) transmission coefficient of an electron in lead j to be transmitted to lead i as an electron (hole). For
is the normal (Andreev) reflection coefficient of an electron in lead i to be reflected back to itself as an electron (hole). The coefficients obey the normalization condition j T N ij + T A ij = N i . When no current flows to the lead 3 (I 3 = 0), by using the current conservation I 1 = −I 2 and Eq. (10), the twoterminal conductance is given by
When the current flows through lead 3, instead of lead 2, the conditions I 2 = 0 and I 1 = −I 3 and Eq. (10) lead to
Similarly,
The device can be considered as two hybrid QAH-SC systems, each of which hosts one chiral electron edge mode in the opposite propagating direction. Hence, the reflection and transmission coefficients of AFTSC are double the coefficient values of the hybrid QAH-SC system [21] : T N (A) ij = 1/2 for i, j = 1, 2. It is expected that the conductance values of the hybrid AFQSHI-SC device
are observed to support HMEM existence. Fig. 4(a) shows from our numerical calculations that the e 2 /h conductances persist in the wide regions of the voltage difference between lead 1 and 2 (2E ≡ V 1 − V 2 ). As E reaches to the superconducting gap, since the current flows via the quasiparticles and quasiholes above the gap, the conductances are no longer quantized.
The main difference between the original topological superconductor in class DIII and the AFTSC is that the effective symmetry of the AFTSC, protecting the HMEM, is crystalline symmetry combined with time reversal symmetry, instead of time reversal symmetry. In reality, due to the imperfection of the crystal growth, the crystalline symmetry is not always preserved. For example, the potential in atom A and B might not be 
(Color online) (a) The two terminal differential conductances G12 (solid orange line) and G13 (dashed blue line) through the AFQSHI-SC structure as illustrated in identical in each unit cell in the presence of the potential disorder. Although the HMEM loses the symmetry protection, we expect that the HMEM can survive once the symmetry is preserved on average [48] . To verify the HMEM survival, we further compute the conductances in the presence of the disorders by using the scattering matrix method. Its numerical implementation is carried out through KWANT [49] , which is a Python package for numerical transport calculations on tight-binding models Eq. (3). Two types of symmetry breaking disorder might be present in the device. The first type is spinindependent sublattice potential randomly distributed in the entire hybrid system (−µ ). Since the system can be decomposed to two independent hybrid QAH-SC systems in class D, the sublattice potential disorders do not alter the values of the conductances. As shown in Fig. 4(b) , the quantized conductances persist untill the disorder strength is much greater than the superconducting gap. Another reason is that even if small sublattice potential uniformly distributes in real space, in the presence of this symmetry-breaking term, the HMEM survives. On the other hand, we introduce a symmetry-breaking term that can directly gap the helical electron mode as the second type of the disorders.
We introduce more destructive disorders v r ρ z τ x σ z , since this term hybridizes the two chiral electron edge modes of the AFQSI in the absence of the superconductivity. This disorder with random value of v r is distributed in the lattice Hamiltonian (3) in real space and its spatial average v r is zero. Fig. 4(c) shows that the conductance is close to be quantized in the presence of the small disorders although the conductance decreases as the disorder strength grows.
One alternative physics of the observation of G 12 = e 2 /h conductance can stem from QAH effect, exhibiting one chiral electron edge mode, instead of the HMEM. However, the QAH can be excluded by observing G 13 = 2e 2 /h conductance from the lead in touch with the superconductor, while for the QAH the e 2 /h conductance should be observed, regardless the location of the edges the leads in contact with it. Although the observed conductance quantizations in both QAH [50] and superconducting QAH [20] experiments are not expected to be as good as in an integer quantum Hall device [51] , another important evidence to support the HMEM is that as lead 3 moves toward the superconductor, the conductance gradually increases from e 2 /h to 2e 2 /h, as shown in Fig. 4(d) .
We show a single HMEM can arise in the s-wave superconducting proximitized AFQSHI. Since choosing the AFQSHI can directly circumvent the requirement of the unconventional superconducting pairing [28] [29] [30] [31] or timereversal symmetric π phase difference [33, 34] , our proposal of the HMEM realization is more feasible and accessible. The potential drawback of the proposal is that the effective time-reversal might be broken due to the imperfection of the crystal growth; hence, we show the quantized conductances in Eq. 15 persists in the presence of small symmetry-breaking disorders. It is expected that with almost clean crystal growth the quantized conductances, which are the HMEM signature, should be observed. Although the observation of the quantized conductances is not conclusive evidence to support the HMEM existence [52] , our proposal is a preliminary step in accepting the HMEM in a reasonable setup probed by well-developed transport measurement. Note added -While submitting this manuscript, we became aware of [53] , which shares the similar idea of effective time reversal symmetry. with time-reversal symmetry operator Θ = iσ y K. The time-reversal symmetry protects a helical electron edge mode, which composes of two HMEMs with the opposite spins. We include the proximity effect from the s-wave SC, the BdG Hamiltonian can be written as
The gapless edge states are directly destroyed by the SC pairing since the edge energy spectrum E ± = ± k 2 x + ∆ 2 as shown in Fig. S2 . Therefore, the system is in the trivial phase and HMEMs are always absent. Similarly, we can consider the bulk Hamiltonian of the superconducting quantum spin Hall insulator
where H bulk (k) = M (k)τ z σ 0 +sin k x τ x σ z +sin k y τ y σ 0 describes the BHZ Hamiltonian [54] and τ β and σ α for the orbital and spin degree of freedom respectively. Diagonalizing the bulk BdG Hamiltonian yields the bulk energy spectrum
The bulk gap is always open in the presence of the superconducting s-wave pairing. Since without superconductivity QSHI is in the trivial phase in class DIII, the system is kept in the trivial phase as the pairing increases from zero. Thus, it is not possible to realize any HMEM in a superconducting quantum spin Hall insulator.
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III. Z2 INVARIANT
We use the bulk gap closing condition of the energy spectrum in the manuscript to identify the phase boundary of the phase diagram between the topological phase and trivial phase. Here we provide an alternative method to determine the topological number N Z2 of the different phases, we can make use of the inversion symmetry of the system [55] . The parity operator of the system is found to be P = ρ z τ z σ z , satisfies H(−k) = P H(k)P −1 . The parity eigenvalue ξ 2m (Γ i ) = ±1 of P of the 2m-th occupied energy band at time-reversal invariant momentum Γ i 's in the Brillouin zone shares the same eigenvalue ξ 2m = ξ 2m−1 with its Kramers degenerate partner. In two dimensions, there are four Γ i points, which are at k = (0, 0), (0, π), (π, 0) and (π, π), respectively. They lead to Table I shows the calculation of Z 2 invariants from δ i 's in different regions. Firstly, we can see that N Z2 are zero except in two regions (a) m 0 + ∆ > −2, m 0 + ∆ < 2, m 0 − ∆ < −2 and (b) m 0 + ∆ > 2, m 0 − ∆ > −2, m 0 − ∆ < 2, which are topological phases. Second, since two of the δ's change at m 0 ±∆ = 0, these two lines are not the boundaries between topological regions and trivial regions. This approach has the consistent results with the approach using the bulk gap closing condition in the manuscript. Γi points are at momenta k = (0, 0), (0, π), (π, 0) and (π, π) respectively. δi's and Z2 invariants are given by Eqs. (S-5) and (S-6) respectively. The listed ten regions are divided by m0 ± ∆ = ±2, 0.
